We propose a design and fabrication method for a liquid crystal tunable refractive lens, used as optical correction in 3-D stereoscopic displays for reducing the discrepancy between accommodation and convergence. The voltage profile for the proper refractive power is calculated by our modeling.
Introduction
The visual effect of 3-D images greatly relies on the depth perception by human eyes, particularly including monocular and stereopsis cues. For each eye, people determine the relative depth by the visual effects of linear perspective, occlusion, shading, vertical position, subtended angle, which have comprehensively been used in the creation of many planar art works and displays. Given two different horizontal positions of our eyes, the binocular disparity (Difference in two retinal images for the same object) enables us to resolve the depth of vision easily and quickly. Therefore, in stereoscopic displays, two distinct images are provided for each eye, to enhance the 3-D experience. However, it causes eyestrain after viewing for a short while, because a spatial discrepancy exists in visual representation between the accommodation plane and convergence point [1] (Figure 1 ), and it has been found that the intrinsic conflict of eye movement for 3-D images at the convergence point and accommodation at the display plane causes visual fatigue [2] . Therefore, reducing this discrepancy becomes very important in enhancing the stereoscopic display experience. In fact, some excellent approaches have been introduced by adding corrective lenses into the system to optically modify the light refraction and make the convergence point closer to the accommodation plane. It has been demonstrated that using a corrective lens of appropriate refractive power is able to effectively reduce this discrepancy and weaken the fatigue [3, 4] . Since the use of mono-focal lenses limits the correction range for the 3-D image, a lens system with telecentric lens arrays has to be used to achieve a larger tunable refractive power range and less aberration [4] . However, the obvious drawback to this solution is the bulky size, loss of mobility and high cost.
Liquid crystal "electronic" lenses have long been considered as potential candidates for replacing or simplifying bulky conventional optics, with the advantages of tunable power, small size and weight, low cost, low power consumption, and high speed switching. Unlike LC displays which use a change in the polarization state of transmitted light resulting from the refractive index modulation, LC lenses use the resultant phase of linearly polarized light exiting the surface. Generating the desired refractive index profile with external field becomes the key to the performance, and various electrode structures and addressing approaches have been introduced, such as: a set of discrete ringpatterned electrodes addressed individually with different voltages [5] , the spatial distribution of electric field on a hole-patterned electrode plate to control the index profile [6] , a sphericallyshaped electrode which can be electrically addressed to tune the power continuously [7] , a planar electrodes and a shaped dielectric layer for shaping the electric field [8] , or a polymerstabilized liquid crystal (PDLC) lens with variable focus [9] . While each one of these approaches can be used to vary the power of the lens, only the multiple ring approach can guarantee that the perfect parabolic lens profile is maintained for all powers. Therefore, we will present a design and fabrication of a refractive liquid crystal lens based on the ring-patterned approach for a more precise control of the phase profile.
An example target tunable power of our LC corrective lens can be determined as follows: typically in desktop 3-D displays, the distance from the screen to viewer is about 50 cm, to have the accommodation distance range from 40 cm to 60 cm, we need to add a lens to move the object distance of 50 cm, to an image distance of between 40 and 60cm, which means we need a corrective lens being able to adjust power +0.3 or -0.5 diopter. By combining our adjustable lens with a fixed lens, we can achieve the desired power range with a lens that can vary between ±0.4 diopters.
For a faster response, a thinner cell is used, which may cause the phase retardation to be insufficient for the target lens power. Therefore, a stack of 2 identical thin cells are used to give ±0.4 diopters, and our design focuses on the single cell with ±0.2 diopter power range. The number and width of electrodes are calculated for an optimized optical performance, and the voltage profile applied on the electrodes needs to be calculated to give an optimized index profile for the desired power. The modeling starts from the liquid crystal elastic free energy theory, calculates the 2D director configuration in the equilibrium state, calculates the ideal OPD (optical path difference) across the whole aperture, and eventually gives the desired voltage profile. The simulation takes into account the details of the electrode structure and the properties of the specific liquid crystal material used.
With the optimized voltage profile, the results show that the measured phase profile of single lens is very close to the ideal parabolic shape. Therefore, we are able to accurately tune the correction power of LC lens within its desired range. In addition, the fast switching makes it possible to synchronize with the display images and shifts in the viewer's gaze. In the stereoscopic display system, our lens can be mounted in a conventional spectacle frame for people to wear.
LC Lens Design and Fabrication
The design of a single ±0.2 diopter LC lens with an approximate diameter of 0.95 cm is as follows: The electrode pattern on one plate consists of about 200 discrete ring electrodes with equal inter-ring resistors. Given the diameter and focal length, the ideal OPD phase profile across the aperture can be obtained [10] :
Here, r is the lens radius, and f is the desired focal length. Outwards from the center, the width of each electrode is determined by its phase step within each electrode region equally small as a fraction of λ (Green light λ = 543.5 nm), which tends to minimize quantization phase aberration in the refractive index profile caused by the discrete nature of electrode patterns [11] , and in principle, the diffraction efficiency is proportional to the number of phase steps within each phase unit:
Here, q is the number of steps within each wavelength phase depth. In order to minimize the index aberration within the interstitial space between electrodes, the gap between electrodes should be small, compared to thickness of the cell [12] . In this design, the gap between pair electrodes is 3 μm, and the cell has an LC thickness of 10 μm. To avoid the complexity of electrical connections to all the electrodes, we address about every 10 th ring with external bus lines, such as 1 st , 11 th , 21 st , etc. Therefore, a total of 21 electrodes are addressed individually, and the lens has 20 regions of linear voltage drop because of the constant inter-ring resistors between any two adjacent electrodes.
The fabrication process for the electrode plate needs 3 major patterning steps with photolithography. First, the ring mask is designed and used to create the ring ITO structure with the desired dimensions on thin glass substrate (0.4 mm thick). Next, a SiO 2 layer is deposited on the ITO layer for insulating electric connections between layers. On approximately every 10 th electrode, a small via is generated through the SiO 2 layer. Nickel material is deposited and patterned as 21 bus lines connecting the electrodes to the addressing voltage profile through the vias. The top view of the first 80 electrode region is shown in the diagram (Figure 2 ).
After the patterning process, a polyimide alignment layer is coated and rubbed along one direction to fix the directors everywhere in the cell to be coplanar. The cell is assembled by facing the interior surfaces of both plates to each other, and glue sealing with 10 μm sphere spacers uniformly distributed in the active area. Most importantly, the thickness variation across the cell needs to be controlled down to a small fraction of the wavelength of light for good optical performance. Finally, the cell is filled with a liquid crystal material of large birefringence Δn = 0.27. A flex connector, bonded on one side of the nickel lines, is used to supply the externally generated voltage profile to the cell (Figure 3) . 
Modeling of the Desired Voltage Profile
Our model takes as input the electrode pattern and applied voltages, the cell thickness, and the material properties of the liquid crystal, and numerically calculates the 2D director profile throughout the cell. Then, the phase profile of the device can be calculated by integrating the effective refractive index across the cell thickness for each point on the surface of the cell.
The voltage profile can be calculated and optimized by calculating the phase profile on each electrode, and comparing it with the desired OPD profile. In case of any deviation from the desired profile, the voltage for each electrode will be adjusted, and the new voltage profile will be generated. The program will keep optimizing until the phase tolerance condition is met.
The modeling starts from the liquid crystal elastic free energy theory. In the modeling, a 2D grid is used. The unit length of grid represents 1 μm, so that we are able to take into account the real electrode structure and the gap between them.
Under a given applied voltage, the equilibrium state of the director configuration can be obtained by minimizing the total free energy of the system (elastic energy plus electric energy) with a finite-difference and vector field method. The liquid crystal director can be specified by three components (n x , n y n z ). The elastic free energy density is expressed as a function of the components and their spatial derivatives: (4) Therefore, the total free energy will be minimized when the EulerLagrange equation is satisfied, with the periodic boundary conditions and the fixed director orientation in the layer nearest to the substrates. The relaxation method is included in our calculation, with the director update formula given in Eq. (5), which can be derived from setting the viscous torque equal to the elastic torque:
Here, γ is the viscosity coefficient. The relaxation process will scan all the sites: for each site, the new value of each director component is calculated and updated until the tolerance criteria for the equilibrium state is met. The electric field grid is updated in each iteration once the dielectric tensor is regenerated by the contemporary liquid crystal configuration. The time derivatives are taken in the forward direction, and the spatial derivatives are centered around the grid locations by only considering the nearest neighbors.
In the equilibrium state, if the linear polarization of the incident light is in x-z plane and perpendicular to z axis, the OPD profile (in x-z 2D plane) of liquid crystal layers can be calculated as shown in Eq. (6), where θ is the angle between individual director to z-axis, d is the thickness of the cell.
With the calculated OPD vs. voltage curve from the director configuration simulation, we can convert the desired OPD profile into the voltage profile for each electrode as an initial entry. The voltage profile can be optimized by calculating the OPD while applying the calculated voltage profile on each electrode, and comparing it with the ideal OPD profile. In case of any deviation, the voltage for each electrode will be adjusted, and the new voltage profile will be generated. The program will keep optimizing until the phase tolerance condition is met. Eventually, the optimized voltage profile will be obtained and applied onto the real lens.
With our simulation, for a lens of 0.95 cm diameter and +0.2 diopter power, the optimized voltage profile is obtained, which gives the OPD profile very close to the ideal OPD across the lens aperture (Figure 4) . The calculated voltage numbers are very small, in favor of less power consumption, ranging from about 0.6 volt on the central electrode to about 3.5 volts on the outermost one (to have -0.2 diopter power, use the same voltage profile, simply flip the profile on the electrodes, i.e. 0.6 volt on the outermost electrode, and 3.5 volts on the central one. The voltage profile for any power from -0.2 to +0.2 diopter can be calculated with our modeling). The simplified 2D director field is shown ( Figure 5 ). With the calculated OPD profile, we are able to calculate the far field spot profile of the single LC lens at its focal plane, the efficiency is over 90% of the ideal parabolic lens (Figure 6 ). 
Experimental Results
With the calculated voltage profile applied, the actual phase profile of our lens can be obtained by a Mach-Zehnder interferometer setup and Intelliwave phase calculation software (Figure 7, 8 ). It's shown that the actual phase profile is controlled very accurately in parabolic shape, very close to the ideal one Figure 9 ), due to our strictly controlled fabrication process as well as the precisely calculated voltage profile. In order to double the correction power range to ±0.4 diopters , we need to stack 2 single LC lenses aligned exactly on top of each other. The time response study is conducted by placing the lens between crossed polarizers with its rubbing direction 45° to them, and detecting the transmitted light intensity as a 5 volt field is suddenly applied. The time duration for the 10 µm cell to switch from 90% to 10% of the maximal retardation is only about 0.035 seconds. When the voltage is promptly removed, it takes about 0.7 seconds to relax back from 90% to 10% of the maximal retardation.
Conclusions
With the advantages of variable power, small size and weight, low cost and power consumption, liquid crystal lenses will be very useful in 3-D stereoscopic display systems. Providing variable correction power accurately within a limited space, it can synchronize quickly and adjust the convergence point with the display content within its own possible range, reducing the discrepancy between accommodation and convergence, and as a result, weaken the fatigue.
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